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ABSTRACT
We investigate the formation history of the stellar disk component in the Milky Way (MW) based
on our new chemical evolution model. Our model considers several fundamental baryonic processes,
including gas infall, re-accretion of outflowing gas, and radial migration of disk stars. Each of these
baryonic processes in the disk evolution is characterized by model parameters, which are determined
by fitting to various observational data of the stellar disk in the MW, including the radial dependence
of the metallicity distribution function (MDF) of the disk stars, which has recently been derived in the
APOGEE survey. We succeeded to obtain the best set of model parameters, which well reproduces the
observed radial dependences of the mean, standard deviation, skewness, and kurtosis of the MDFs for
the disk stars. We analyze the basic properties of our model results in detail to get new insights into
the important baryonic processes in the formation history of the MW. One of the remarkable findings
is that outflowing gas, containing much heavy elements, preferentially re-accretes onto the outer disk
parts, and this recycling process of metal-enriched gas is a key ingredient to reproduce the observed
narrower MDFs at larger radii. Moreover, important implications for the radial dependence of gas
infall and the influence of radial migration on the MDFs are also inferred from our model calculation.
Thus, the MDF of disk stars is a useful clue for studying the formation history of the MW.
Subject headings: Galaxy: disk – Galaxy: abundances – Galaxy: evolution – Galaxy: formation
1. INTRODUCTION
Disk galaxies are a dominant galaxy system in the
present universe (Delgado-Serrano et al. 2010), so that
unraveling their formation and evolution histories is a
major subject in galactic astronomy. Formation of disk
galaxies complexly involves various baryonic processes.
In particular, gas infall onto the galactic disk plane is an
essential process, which dominates the budget of baryon
and star formation activity in disk galaxies. In the
grand picture of galaxy formation and evolution based on
ΛCDM cosmology, gas infall onto a galactic disk occurs
when gas accretes from the circumgalactic region into a
dark matter halo and subsequently cools and collapses
toward its central region. The gas cooling and collaps-
ing processes in disk galaxies are significantly affected by
various feedback processes associated with, e.g., UV ra-
diation from massive stars, supernovae explosions, and
active galactic nuclei.
Such feedback processes are also important as a driver
of a strong galactic gas outflow. Several works suggest
that some parts of outflowing gas should escape and be
eternally lost from star-forming galaxies to explain their
observed chemical properties (e.g., Peeples et al. 2014;
Yabe et al. 2015; Toyouchi & Chiba 2015). However,
most of the outflowing gas are expected to fall back onto
the galactic disk plane (e.g., Oppenheimer et al. 2010):
according to the numerical simulation by Oppenheimer
& Dave´ (2008), the fraction of re-accreting gas to the to-
tal outflowing gas is over 80 % in MW-sized halos at z ∼
0. Moreover, the other simulations suggest that metal-
enriched gas ejected from inner disk regions acquires ad-
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ditional angular momentum via feedback processes and
preferentially re-accretes onto disk regions further out
than the radii where it originally resided (Bekki et al.
2009; Gibson et al. 2013). Such transportations of metal-
enriched gas from inner to outer disk regions can signifi-
cantly change the chemical abundance of the interstellar
medium (ISM) at the outskirts of disk galaxies (Tsuji-
moto et al. 2010).
Thus, gas infall, gas outflow and subsequent re-
accretion of outflowing gas are very important processes,
which can significantly influence the evolution of galax-
ies. However, predicting the actual effects of the micro-
scopic gas cooling and heating mechanisms, which con-
trol these gas flow processes, is generally difficult in the
context of galaxy evolution. Therefore, to get mean-
ingful insights into the galactic gas infall, outflow and
re-accretion processes, many theoretical efforts based on
numerical simulations (e.g., Dave´ et al. 2011; Hopkins et
al. 2012; Gibson et al. 2013; Okamoto et al. 2014; Mu-
ratov et al. 2015) and semi-analytic models (e.g., Lilly
et al. 2013; Zahid et al. 2014; Lu et al. 2015; Yabe et
al. 2015; Toyouchi & Chiba 2015; Zhu et al. 2016), are
actively being made.
In addition to the effect of gas flow processes, radial
migration of stars along a galactic disk affects the struc-
ture and dynamics of the disk galaxy significantly. In
fact, various theoretical and observational studies have
suggested the importance of radial redistributions of disk
stars (e.g., Scho¨nrich & Binney 2009; Hayden et al. 2015;
Kordopatis et al. 2015; Morishita et al. 2015). Such ra-
dial migration processes are generally triggered by grav-
itational interactions between disk stars and bar/spiral
structures and giant molecular clouds (GMCs) (e.g., Sell-
wood & Binney 2002; Ros´kar et al. 2008; Loebman et
al. 2011), and minor mergers of satellite galaxies (e.g.,
Quinn et al. 1993; Vela´zquez & White 1999; Villalobos
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& Helmi 2008). The basic properties of radial migration
depend significantly on its triggering process. Therefore,
the detailed investigation of radial migration history in
a disk galaxy provides important implications for the in-
ternal and external gravitational perturbations working
in the galaxy.
For studying these important baryonic processes in
disk galaxy evolution, the MW is the best site, because
we can observe individual stars composing the stellar disk
in great detail. Many observations of the MW disk stars
have shown the various detailed properties of the present
stellar disk, such as the spatial structure (e.g., Yoshii
1982; Gilmore & Reid 1983; Juric´ et al. 2008; Bovy et
al. 2012, 2016), [α/Fe]−metallicity relation (e.g., Bensby
et al. 2003, 2014; Lee et al. 2011; Adibekyan et al.
2012), and radial metallicity gradient (e.g., Nordstro¨m
et al. 2004; Allende Prieto et al. 2006; Cheng et al.
2012; Toyouchi & Chiba 2014). These observed proper-
ties of the Galactic stellar disk are useful constraints on
its formation history.
In particular the metallicity distribution function
(MDF) of the Galactic disk stars is a very tight con-
straint for studying the formation history of the MW,
because its properties are very sensitive to the past star
formation, chemical evolution, and radial migration his-
tories in the Galactic disk (e.g., Pagel 1989; Chiappini et
al. 1997, 2001; Scho¨nrich & Binney 2009; Loebman et al.
2016). The MDF of disk stars has been actively inves-
tigated in various spectroscopic observations since 1990s
(e.g., Wyse & Gilmore 1995; Lee et al. 2011). Recently,
the observation with SDSS-III/APOGEE, which is one
of the latest large surveys for the MW stellar disk, re-
vealed the MDFs in the unprecedented wide radial range,
R = 3−16 kpc, as shown in Figure 1 (Anders et al. 2014;
Hayden et al. 2015).
Investigating the origin of the observed radial depen-
dence of the MDFs with semi-analytic models for study-
ing chemical evolution of disk galaxies will provide new
important implications for the formation histories of the
Galactic stellar disk. Such chemical evolution mod-
els have been studied in many previous papers (e.g.,
Scho¨nrich & Binney 2009; Kubryk et al. 2015a; Toy-
ouchi & Chiba 2016). In this work, we present a new
semi-analytic chemical evolution model, which explicitly
takes into account gas infall, outflow, re-accretion, and
radial migration. Then, by combining it with the pa-
rameter surveys based on the Markov Chain Monte Carlo
(MCMC) method, we attempt to derive the best solution
for galaxy formation and evolution, which reproduces the
observed radial dependence of the MDF of the Galactic
disk stars. Finally, based on our model experiments, we
discuss the gas infall, gas outflow, re-accretion of out-
flowing gas, and radial migration histories of the MW.
We should note here that recently Loebman et al.
(2016) discussed the MDFs of disk stars observed in the
APOGEE survey with the isolated hydrodynamical nu-
merical simulation, and showed that the radial change
of the skewness of the MDFs can be naturally explained
as a result of stellar migration without any fine tunings.
However, they did not present the conditions of gas infall
and outflow to produce the observed radial dependence
of the MDFs. Therefore, our model calculation based on
a semi-analytical method will be complementary to their
numerical simulation. Additionally, as will be introduced
in Section 2, our model ensures to reproduce not only the
MDFs of disk stars, but also the radial distributions of
disk stars, gas, and chemical abundances of the interstel-
lar medium (ISM), observed in the Galactic disk. Thus,
our semi-analytical model will be useful for studying the
evolution history of the MW.
This paper is organized as follows. In Section 2, we in-
troduce our semi-analytic chemical evolution model. In
Section 3, we show the fitting results to the various prop-
erties of the present Galactic stellar disk based on the
MCMC method. In Section 4, we discuss our model cal-
culation results in detail and present new implications
for the formation history of the MW. In Section 5, we
show the validity of our model calculation. Finally, our
conclusions are drawn in Section 6.
2. CHEMICAL EVOLUTION MODEL
In this paper, we adopt a standard one-dimensional
chemical evolution model along a galactic disk, as studied
in our previous work (Toyouchi & Chiba 2016). In this
model, we calculate baryonic mass evolution for a radial
range from R = 0 to Rout (= 16 kpc) with a grid of
∆R = 1 kpc over t = 0 to tp (= 12 Gyr) with a grid
of ∆t = 50 Myr. This model calculation can provide
the surface density of gas, Σgas, that of stars, Σstar, and
a mass fraction of heavy element i, Zi, at any time, t,
and at any radius, R. Additionally, we invetigate the
[Fe/H] and [α/Fe] distributions of disk stars and their
evolution, where [α/Fe] is defined as the average for the
typical α elements of O, Mg, Si, Ca, and Ti relative to
the Fe abundance.
In Section 2.1-2.4, we introduce each important pro-
cess in our chemical evolution model. Basic equations
to calculate baryonic mass evolution in a galactic disk
are described in Section 2.5. Finally, in Section 2.6 we
discuss how we select the values of the important free
parameters in our model.
2.1. Gas Infall Rate
Infall of gas from the circumgalactic region into a dark
matter halo and finally into a disk plane is an essential
process in the course of galaxy formation. In our model,
we assume that the surface density of gas infall rate, Σin,
as functions of t and R is given as,
Σin(t, R) =
Σin,0 t
τ2in {1− (1 + tp/τin)exp(−tp/τin)}
×

exp
(
− R
hR,in1
− t
τin
)
(R ≤ Rb)
exp
(
−R−Rb
hR,in2
− Rb
hR,in1
− t
τin
)
(R > Rb) ,
(1)
where Σin,0 is determined such that the total mass of
infalling gas on the disk plane within Rout by t = tp
equals to Mtot,in. In this model, we assume Mtot,in =
4.5× 1010 M, roughly corresponding to the sum of the
observed stellar and gas mass of the Galactic disk at the
current time, and this assumption implies that our model
does not allow a significant mass loss via galactic outflow
process as noted in detail in Section 2.3. Rb is the break
radius where the scale length of the radial profile of gas
infall changes from hR,in1 at inner radii to hR,in2 at outer
radii. In our previous model shown in Toyouchi & Chiba
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(2016), we adopted a single exponential profile of gas
infall without any break. However, van den Bosch et al.
(2001) based on a theoretical consideration suggest that
the radial profile of gas infall can be more complex, as
detailed later in Section 4.2, and therefore in this work
we consider Rb, hR,in1, and hR,in2 to take into account a
broken radial profile of gas infall.
τin is a time scale of gas infall rate at R, described with
τin,0, τin,8 and α in our model as,
τin(R) = τin,0 + (τin,8 − τin,0)
(
R
8 kpc
)α
. (2)
Such an assumption of a radially dependent time scale
of gas infall has been adopted in many previous stud-
ies (e.g., Chiappini et al. 1997, 2001) and is motivated
from the radial dependence of the collapsing time scale
of gas in the host halo. Additionally, it is worth not-
ing here that Σin ∝ t exp(−t/τin) in equation (1) sup-
poses that at a fixed radius Σin linearly increases with
increasing time up to at t = τin, and after this time ex-
ponentially decreases with timescale of τin. Such a time
dependence of Σin may be somewhat more realistic than
that of Σin ∝ exp(−t/τin) as usually assumed in many
previous works (e.g., Chiappini et al. 1997), where at
all radii Σin is maximum at t = 0. This is because the
time taking for newly accreting gas, possibly in the form
of cold accretion from outside the halo, to reach disk re-
gions may be finite, depending on the collapsing time
of gas in the halo (van den Bosch 2001; 2002). In this
work, we have carried out model calculations adopting
not only Σin in equation (1), but also a different form
of Σin ∝ exp(−t/τin), and found that both cases pro-
vide basically the same conclusion, although in the later
case, τin,8 is needed to be much longer than the Hubble
time to reproduce the observed MDF, which significantly
disagrees with the previous model predictions (Molla´ &
Dı´az 2005; Molla´ et al. 2016).
In summary, the gas infall history in our chemical evo-
lution model is characterized by the six free parameters
(Rb, hR,in1, hR,in2, τin,0, τin,8, α).
2.2. Star Formation Rate
In our model, to calculate the surface density of star
formation rate, ΣSFR, we adopt the star formation law
confirmed in the observation of the local star-forming
galaxies by Bigiel et al. (2008), in which ΣSFR is propor-
tional to the surface density of H2 gas, as follows,
ΣSFR = 1.6
Rmol
Rmol + 1
(
Σgas
Mpc−2
)
[Mpc−2Gyr−1] ,(3)
where Rmol is the mass ratio of H2 to HI gas, which can
be derived by using the following semi-empirical law of
Rmol provided by Blitz & Rosolowsky (2006),
Rmol = 0.23
[(
Σgas
10 Mpc−2
)(
Σstar
35 Mpc−2
)0.5]0.92
.(4)
These empirical laws of equations (3) and (4) have
been known to reproduce the present spatial distribu-
tion of HI, H2 and star formation in the MW (Blitz &
Rosolowsky 2006; Kubryk et al. 2015a).
2.3. Gas Outflow and Re-accretion processes
Feedback processes associated with star formation ac-
tivity, such as radiation pressure from massive stars and
supernova explosions, may drive a galactic gas outflow.
In our model, the surface density of gas outflow rate,
Σout, is assumed to be proportional to ΣSFR with a
proportional coefficient, Λ, which is generally called an
outflow-mass loading factor. In this model we consider
Λ as a function of R, described as follows,
Λ(t, R) =
{
Λ0 + (Λ8 − Λ0)
(
R
8 kpc
)β}
, (5)
where Λ0, Λ8, β are parameters characterizing the radial
dependence of Λ.
A fraction of gas ejected from the disk plane as out-
flow cannot escape from the host halo and eventually
re-accretes onto the galactic disk plane. We attempt to
explicitly take into account such a re-accretion process
in our model. Our model supposes that the mass frac-
tion, fre, of the total outflowing gas, which ejected from
the entire galactic disk at any time, falls back onto any
place of the disk after the time, tre. Moreover, we as-
sume that the radial profile of surface re-accretion rate
density, Σre(t, R), is more radially extended than gas
outflow rate at t − tre, Σout(t − tre, R). This assump-
tion is motivated by the numerical simulation by Bekki
et al. (2009), showing that because gas ejected from the
disk gains additional angular momentum via feedback
processes, this ejected gas preferentially re-accretes into
disk regions further out than the radii where it originally
resided. Therefore, in our model, we give Σre as follows,
Σre(t, R) = Σre,0(t)
(
Σout(t− tre, R)
Σout(t− tre, 0)
)kre
, (6)
Σre,0(t) =
fre
∫ Rout
0
RΣout(t− tre, R)dR∫ Rout
0
R (Σout(t− tre, R)/Σout(t− tre, 0))kre dR
.(7)
where kre is a parameter determining the difference of
the radial profile between Σout and Σre, and here we set
0 < kre < 1, meaning a radial expansion of Σre as com-
pared to Σout. Thus, the properties of re-accretion of
outflowing gas is characterized with fre, tre and kre in
this model. Here, for simplicity, we deal with only kre
as a free-parameter in our MCMC procedure, while we
adopt fixed values for fre and tre. We assume fre = 1,
implying that all outflowing gas fall back to the galactic
disk and there is no mass loss from the host halo. This
assumption is based on the result of numerical simulation
by Oppenheimer & Dave (2008), which showed that more
than 80 % of outflowing gas re-accretes onto the galactic
disk and is used for the subsequent star formation. More-
over, no mass loss from the halo was assumed in the pre-
vious chemical evolution models for the MW, which can
reasonably reproduce the observed mass distributions of
star, gas, and heavy elements in the Galactic disk (e.g.,
Chiappini et al. 1997; Kubryk et al. 2015a). We also fix
tre = 300 Myr, which generally corresponds to the typi-
cal time scale of falling back of gas ejected from the disk
4 Toyouchi & Chiba
plane (e.g., Spitoni et al. 2009; Bekki et al. 2009). How-
ever, the time scale of gas re-accretion is actually unclear.
In fact, Oppenheimer & Dave (2008) predict the gas re-
accretion time scale . 1 Gyr for MW-like galaxies at z ∼
0. Therefore, we checked how the model calculation re-
sults depend on the choice of the value of tre, and found
that unless tre is much longer than 1 Gyr, roughly cor-
responding to the dynamical time scale in the MW-like
halo, our conclusion in this paper remains unchanged.
Furthermore, we assume that the abundance of heavy
element i of re-accreting gas, Zi,re, at t is described by
using the averaged chemical abundance of outflowing gas
at t− tre, as follows,
Zi,re(t) =
∫ Rout
0
RZi(t− tre, R)Σout(t− tre, R)dR∫ Rout
0
RΣout(t− tre, R)dR
.(8)
We note here that more strictly Zi,re should also de-
pend on R because the gas ejected from the inner re-
gion is expected to contain more heavy elements than
those ejected from the outer one. Moreover, fre should
be written as a function of t. Actually, Oppenheimer et
al. (2010) based on the numerical simulation of galaxy
formation shows that the re-accretion of outflowing gas
becomes more active with the mass growth of a host halo.
In this model, we adopt such a time and radially indepen-
dent assumption of tre and Zi,re, respectively, as a first
step to check the effect of re-accretion of metal-enriched
outflowing gas on the chemical evolution of disk galaxies.
2.4. Radial Migration
In our model the effect of radial migration of disk stars
is described with the method originally adopted in Sell-
wood & Binney (2002), which can reproduce the basic
properties of radial migration obtained in N-body sim-
ulations well. This method is based on the calculation
of the probability, in which a star born at radius Rf and
with age τ is found in radius R, P (τ, Rf , R), and this
is expressed in terms of the following Gaussian function
P (τ, Rf , R) =
1√
2piσ2RM
exp
[
− (R−Rf)
2
2σ2RM
]
, (9)
where σRM corresponds to the diffusion length of stars by
radial migration, which is generally a function of τ and
Rf . Thus, in this method the radial migration history
can be characterized by the time dependence of σRM.
In our model, we assume that σRM monotonically in-
creases with increasing τ as follows,
σRM(τ, Rf) = (armRf + brm)
(
τ
5 Gyr
)γ
+(crmRf + drm) [kpc] . (10)
where, arm, brm, crm, drm, and γ are parameters char-
acterizing the radial migration history. This descrip-
tion of σRM is the same as that adopted in Kubryk et
al. (2013), who analyzed the radial migration history
in a bar-dominated disk galaxy in the high-resolution N-
body+smoothed particle hydrodynamics simulation, and
determined (arm, brm, crm, drm, γ) = (−0.0667, 2.75 kpc,
−0.226, 2.71, 0.5). We note here that their choice of the
values of these parameters was based on the numerical
experiment for only one example of a disk galaxy. There-
fore, it is worth searching for another set of these pa-
rameters to represent the radial migration history of the
Galactic stellar disk based on the analysis of the observed
MDFs of the disk stars. In this paper we present only
the results of model calculation fixing crm = drm = 0,
because a significant radial migration of zero-age stars is
somewhat unphysical. Actually, even if we include crm
and drm as free parameters in the MCMC procedure, the
derived properties of σRM are not modified significantly,
although their values are somewhat degenerate with arm,
brm, and γ. For a similar reason, for the value of γ, we
adopt the lower limit of γ = 0.15 in the MCMC esti-
mation, because without no lower limit for γ, a local
minimum emerges at around γ ∼ 0, also leading to such
a significant radial migration of zero-age stars.
It is also worth noting here that such a continuous
evolution of σRM assumed in equation (10) supposes the
radial migration events driven by internal gravitational
processes, such as interactions between bar/spiral struc-
tures and disk stars. However, our recent work in Toy-
ouchi & Chiba (2016) suggests that not only such a con-
tinuous radial migration event, but also discontinuous
one driven by an external disk heating event, such as
minor merging of satellite galaxies, is important in the
chemical evolution in the galactic disk. Therefore while
in this study we focus on the effect of a continuous radial
migration event for simplicity, more extensive modeling,
including a discontinuous event, would be worth explor-
ing as a future work.
2.5. Basic Equations
The basic equations in our chemical evolution model
are described as follows,
∂Σgas
∂t
= −ΣSFR,net + Σin − Σout + Σre , (11)
Σstar(t, R) =
∫ Rout
0
∫ t
0
Rf
R
(1−R(τ))
×ΣSFR(t− τ, Rf)P (τ, R, Rf)dτdRf ,
(12)
∂(ZiΣgas)
∂t
=−Pnet,i + (YII,i + YIa,i)ΣSFR
+Zin,iΣin − Zout,iΣout + Zre,iΣre . (13)
By solving equation (11)-(13) for each radial bin at each
time step, we obtain the values of Σgas, Σstar, and Zi at
any t and R.
In equation (11) the first term on the right hand side
describes the net gas consumption by star formation, tak-
ing into account the effect of radial migration of stars and
the delayed mass return from long-lived stars, given from
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the following calculation,
ΣSFR,net(t, R) = ΣSFR(t, R)
+
∫ Rout
0
∫ t
0
Rf
R
(mτ −MR(mτ ))
×ΣSFR(t− τ, Rf)Φ(mτ )P (τ, R, Rf)
×dmτ
dτ
dτdRf ,
(14)
where, mτ , MR(m), and Φ(m) are the mass of stars,
whose lifetime is τ , the remnant mass of stars with ini-
tial mass of m, and initial mass function (IMF) of stars,
respectively. We note that although the second terms
in the right hand side of equation (14) has the positive
sign, this actually can express the stellar mass loss be-
cause dmτ/dτ is always negative. To obtain mτ and
MR(m), we adopt the mass-lifetime relation of Schaller
et al. (1992) and the initial mass-remnant mass relation
of Kalirai et al. (2008). In this paper, we adopt the
IMF of Kroupa et al. (1993) for our model calculation.
It is worth noting here that galaxy formation depends
strongly on the assumed IMF, because a different IMF
provides much different nucleosynthetic yields. For in-
stance, the IMFs of Salpeter (1955) and Chabrier (2003)
provide two and three times lager stellar yields of Type
II SNe, respectively, than those of Kroupa et al. (1993),
leading to an over-prediction of heavy elements in the So-
lar neighborhood (Vincenzo et al. 2016). Consequently,
for these IMFs, we must adopt the assumption of fre < 1,
which corresponds to non-zero mass loss via galactic out-
flow process. Investigating such a dependence of the re-
sults on the assumed IMF is out of our interests in this
paper, and therefore we here focus on the results of model
calculation based on the IMF of Kroupa et al. (1993) and
keep the assumption of fre = 1.
Equation (12) represents the time evolution of Σstar
at any radius, reflecting the past star formation and ra-
dial migration history over the galactic disk. Here, R(τ)
means a fraction of mass, which has been returned into
the ISM from stars with age of τ , defined as follows,
R(τ) =
∫ 100M
mτ
(m−MR(m)) Φ(m)dm . (15)
In equation (13), the first term on the right hand side
describes the net loss of mass of heavy elements from the
ISM due to being locked up into stars, given as follows,
Pnet(t, R) =Zi(t, R)ΣSFR(t, R)
+
∫ Rout
0
∫ t
0
Rf
R
(mτ −MR (mτ ))
×Zi(t− τ, Rf)ΣSFR(t− τ, Rf)
×Φ(mτ )P (τ, R, Rf)dmτ
dτ
dτdRf . (16)
The second term on the right hand side of equation
(13) is the supply of heavy element i newly synthesized in
stars, where YII,i and YIa,i are the nucleosynthetic yields
from Type II and Ia SNe (hereafter SN II and SN Ia),
respectively. Here, YII,i is a constant value, derived from
the SN II yield for each element provided by Franc¸ois et
al. (2004). On the other hand, YIa,i can change with
time and radius, depending on the past star formation
and radial migration history as follows,
YIa,i=
mIa,i fIa
ΣSFR(t, R)
∫ Rout
0
∫ t
∆tIa
Rf
R
×ΣSFR(t− τ, Rf)P (τ, R, Rf)
τ
dτdRf , (17)
where fIa is a free parameter controlling the SN Ia rate in
the galactic disk, and mIa,i is the released mass of heavy
element i per a Type Ia supernova, for which we adopt
the SN Ia yield of W7 model in Iwamoto et al. (1999).
∆tIa is a minimum delayed time of SN Ia. Here we set
∆tIa = 0.5 Gyr, which is suggested by Homma et al.
(2015) to reproduce star formation histories and chemical
evolutions of the Galactic dwarf galaxies self-consistently.
It is worth noting here that while the value of ∆tIa in our
model is different from the general one adopted in most of
previous studies of ∆tIa = 0.1 Gyr, the main results and
conclusions in this paper are independent of the choice
of the value of ∆tIa.
The third and fourth terms on the right hand side of
equation (13) denote the mass injection and ejection of
heavy elements associated with infall and outflow, re-
spectively, where Zin,i and Zout,i are mass fractions of
heavy element i in infalling and outflowing gas, respec-
tively. In this model, we set the iron abundance of in-
falling gas of [Fe/H] = −1, which is in good agreement
with the low-metal edge of the distribution function of
[Fe/H] for the whole disk stars observed in APOGEE
survey (Hayden et al. 2015), and therefore in our model
calculation any different choice of the abundance of in-
falling gas fails to reproduce the observed MDFs. In
addition, for the abundances of α elements of infalling
gas we set [α/Fe] = 0.4, which roughly equals to the av-
erage abundance ratio of YII,α to YII,Fe. We assume that
the metallicity of outflowing gas always equals to that of
the ISM, implying Zout,i = Zi. This assumption is gen-
erally reasonable because the outflowing gas is expected
to mainly consists of the ISM, which acquired much mo-
mentum or kinetic energy via radiations from massive
stars and SN explosions, rather than the direct ejecta of
SNe including much heavy elements.
2.6. Determination of Model Parameters
Our chemical evolution model described above con-
tains 14 free parameters, which are summarized in Table
1. In this study, we adopt the MCMC method (Metropo-
lis et al. 1953; Hastings 1970) to obtain the best set of
these free parameters, which reproduce the radial pro-
file of star, gas, [O/H] and [Fe/H] of the ISM in the
Galactic disk. In this model, following the results of sev-
eral previous works, we adopt the Galactic stellar disk
with the scale length of 2.3 kpc and the stellar density
at R = 8 kpc of 35 M pc−2 (Flynn et al. 2006). For
the total gas density profile, consisting of HI and H2, in
the Galactic disk, we adopt the work of Kubryk et al.
(2015a) shown in their Figure A.2, and the radial profile
of [O/H] and [Fe/H] in the disk is taken from the ob-
servation of Cepheids in Luck & Lambert (2011). These
observational constraints are necessary to be sure that
our chemical evolution models are appropriate in com-
parison of the present Galactic stellar disk.
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Fig. 1.— The black lines represent the MDFs of the Galactic disk stars observed by the APOGEE survey (Hayden et al. 2015). The red
solid and dashed lines are the MDFs obtained in our best fit model with and without the re-accretion of outflowing gas, respectively. The
observed radial range of each MDF is denoted on the upper-left of each panel.
TABLE 1
The list of free parameters in our chemical evolution
model
Rb Break radius in the radial profile of gas infall
hR,in1 Scale length of infalling gas at the inside of Rb
hR,in2 Scale length of infalling gas at the outside of Rb
τin,0 Time scale of gas infall at R = 0 kpc
τin,8 Time scale of gas infall at R = 8 kpc
α Power-law index characterizing the radial
dependence of the time scale of gas infall
Λ0 Mass loading factor at R = 0 kpc
Λ8 Mass loading factor at R = 8 kpc
β Power-law index characterizing the radial
dependence of mass loading factor
arm Radial gradient of diffusion length of disk stars
by radial migration
brm Diffusion length of disk stars by radial migration
at R = 0 kpc
γ Power-law index characterizing the dependence
of radial diffusion length on stellar age
kre Parameter controlling the radial profile of
gas re-accretion
fIa Parameter controlling the rate of Type Ia supernova
Additionally, we also adopt the radial dependence of
the MDFs of disk stars observed in APOGEE survey
(Hayden et al. 2015) as the observational constraints to
determine the model parameters in our MCMC proce-
dure. The black lines of Figure 1 show the radial depen-
dence of the MDF for the APOGEE red-giant star sample
locating at |Z| < 2 kpc. We obtain these MDFs based on
Figure 5 of Hayden et al. (2015), which shows the MDFs
at different three ranges of |Z|, and their Table 1, which
summarizes the number of sample stars at each range.
It is clear that the properties of the MDFs, such as their
peak and high and low-metallicity tales, significantly de-
pend on the radii. Here, to quantify this radial change of
the observed MDFs, we explore the mean, standard devi-
ation, skewness, and kurtosis of the MDF at each radius
as shown with the black lines of Figure 2. Each moment
given in this figure is calculated only for [Fe/H] > −1
to exclude the contamination of metal-poor halo stars.
The error bar of each plot represents the standard error
evaluated from the number of sample stars at the radius.
Figure 2 shows that the mean and standard deviation de-
crease with increasing R, whereas the skewness increases
from ' −1 at R = 4 kpc to & 0 at R = 12 kpc, which ac-
companies the growth of the high-metallicity tail in the
MDF with increasing R. The kurtosis is mostly constant
with R, but rapidly increases in the outer disk region,
R > 12 kpc. In our MCMC procedure, we use these
radial profile of the moments of the MDFs as the obser-
vational constraints. The shape of MDFs greatly reflects
the star formation and chemical evolution histories, and
thereby tells us useful information about the processes of
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disk stars as a function of R. The black lines represent the results for the observation in the APOGEE survey (Hayden et al. 2015), and
their error bars correspond to the standard errors evaluated from the number of sample stars at the radius. The red solid and dashed lines
are our best fit model with and without the re-accretion of outflowing gas, respectively.
gas infall, outflow, re-accretion, and radial migration of
disk stars, as discussed in Section 4.
We use these constraints to obtain the posterior prob-
ability distributions and the best values of the 14 free pa-
rameters in the MCMC procedure. In each MCMC step,
for a parameter set, we evaluate the value of the likeli-
hood by investigating the difference of these constraints
between our model prediction and the observation. For
the calculation of the likelihood, we use the values of
stellar mass, gas mass, [O/H] and [Fe/H] of the ISM at
5 points in the radial range of R = 2-14 with the radial
interval of 3 kpc, and those of the four moments of the
MDF at 5 points in the radial range of R = 5-13 kpc,
where the MDFs are well observed by APOGEE, with
the radial interval of 2 kpc. Thus we attempt to obtain
the evolution history of the MW, which reproduces the
observed MDF for the Galactic disk stars.
We mention here that red giant stars are a biased sam-
ple against older populations, and therefore the MDF in
Figure 1 does not necessarily trace the true MDF of the
underlying disk stars. To quantify this bias, Hayden et
al. (2015) investigated the effect of sampling bias on
the observed MDF based on the mock sampling of the
APOGEE survey, and found that the systematic differ-
ence between the observed and the true MDFs is suffi-
ciently small at least at R > 3 kpc. Thus, our fitting to
the observed MDF in the radial range of R = 5-13 kpc
is justified to study the formation history of the Galactic
stellar disk.
Additionally, it may be worth noting that other obser-
vational properties of the Galactic disk, which we do not
consider as constraints in our MCMC procedure, such as
[α/Fe]-[Fe/H] or age-[Fe/H] relations, are also important
clues to disentangle the formation history of the MW.
In this work, we focus on the MDFs of disk stars, be-
cause they are very convenient to quantitatively compare
model results with observational data via the values of
their moments. In Section 5, we assess the significance of
our model in terms of some other observational proper-
ties of the Galactic disk, and find our model can interpret
these properties generally, but not completely. There-
fore, constructing more sophisticated modeling, which
incorporates other important observables as additional
constraints, will be important as future work.
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TABLE 2
The results of the estimation of free
parameters
besta 16 %b 50 %c 84 %d
Rb [kpc] 5.66 5.13 5.59 6.18
hR,in1 [kpc] 0.74 0.64 0.72 0.81
hR,in2 [kpc] 3.75 3.44 4.17 5.38
τin,0 [Gyr] 0.69 0.33 0.72 1.13
τin,8 [Gyr] 6.77 5.79 7.49 9.76
α 1.22 1.05 1.32 1.71
Λ0 0.26 0.06 0.12 0.26
Λ8 0.05 0.05 0.08 0.13
β 0.16 0.14 0.5 1.86
arm 0.13 0.06 0.11 0.14
brm [kpc] 1.67 1.66 1.92 2.2
γ 0.24 0.18 0.22 0.27
kre 0.25 0.17 0.24 0.31
fIa 4.97 4.41 4.82 5.23
a The best value obtained from the MCMC
estimation.
b The 16 percentile value obtained from
the MCMC estimation.
c The 50 percentile value obtained from the
MCMC estimation.
d The 84 percentile value obtained from
the MCMC estimation.
3. FITTING RESULTS
In our MCMC procedure, we carry out 5 MCMC chains
starting from different parameter sets. Each chain con-
sists of 200,000 iterations, and by compiling the later
100,000 iterations in all chains, we get the posterior prob-
ability distribution for each parameter. Figure 3 shows
the posterior probability distributions of the 14 param-
eters. We find from this figure that the MCMC chains
for all parameters converge successfully. The results of
this estimation of the 14 parameters are summarized in
Table 2.
We here present the result of the model calculation
based on the set of best-fit parameters. Figure 4 shows
the time evolution of the radial profiles of gas, star, [O/H]
and [Fe/H] of the ISM. The green, blue, yellow and red
lines in each panel represent the results at t = 2, 4, 8,
and 12 Gyr, respectively. These results imply that the
structural and chemical evolutions have proceeded faster
in the inner disk regions, corresponding to the inside-out
formation scenario. Additionally, in each panel of Figure
4 we show the observed profiles and their observational
errors with the black lines and shaded regions, respec-
tively. From comparison between the red and black lines
with shaded regions in these figures, we find that our
model can reproduce reasonably well the present radial
profiles of chemical abundances of ISM in the Galac-
tic disk. The gas and stellar profiles calculated here
can be approximately fitted to the observed ones, but
slightly over- and under-estimated, respectively. These
slight differences between our fitting and the observa-
tion may suggest the necessity of some mass loss via gas
outflow, which can decrease and increase gas and stellar
mass densities at the fixed chemical abundances, respec-
tively, although in this work we assume the recycling of
all outflowing gas in order to reduce the number of free
parameters.
The MDFs at the four radial ranges and the radial
profiles of their mean, standard deviation, skewness, and
kurtosis, reproduced by the best-fit model are shown
with the red solid lines of Figure 1 and 2, respectively.
We find from these two figures that our best fit model can
generally reproduce the observed MDFs of the Galactic
disk stars. Although the fitting to the value of kurtosis
around R = 6 kpc is not so well, the MDF as a whole
at this radius seems to be reproduced reasonably well.
Therefore, we consider that our fitting to the moments
of the MDFs is carried out successfully.
Thus our chemical evolution models are appropriate
in comparison of the Galactic stellar disk. In the next
section, we show the detailed formation history of the
MW predicted by the best fit model and present the im-
plications for the gas infall, gas re-accretion and radial
migration processes in the evolution of the MW stellar
disk.
4. FORMATION HISTORY OF THE MILKY WAY
REPRODUCED BY MODEL CALCULATION
4.1. Star Formation History
The red lines in upper and lower panels in Figure 5
represent the model results of the time evolution of total
star formation rate and stellar mass, respectively. For
comparison, the star formation history of the MW-like
galaxies provided by van Dokkum et al. (2013) based
on the abundance matching method are also shown with
the black lines in these figures. While their present stellar
mass is higher than that of our model by ∼ 1010 M, this
difference may be understood because the stellar mass
from a bulge component is not included in our model.
According to our model calculation, the star formation
rate became highest at the look back time around 9 Gyr
and more than half of the present stellar mass has already
formed by the look back time of 6 Gyr, while the star
formation activity at the early disk formation phase is
much lower than that for van Dokkum et al. (2013). The
star formation history in our model is very similar to that
for the disk region provided by the model of Kubryk et
al. (2015a).
The time evolution of the radial profile of ΣSFR is de-
picted in Figure 6. This figure shows that in the inner
disk regions the star formation activity is significantly
high at the early disk formation phase, and declines with
increasing time. In contrast, the star formation rate in
the outer disk regions is lower than that in the inner
ones at all epochs, but gradually increases with increas-
ing time. This star formation history corresponds to the
inside-out disk evolution as shown in Figure 4. In the
following subsections, we investigate the detailed prop-
erties of each process, which can significantly affect the
star formation history.
4.2. Gas Infall History
The red line in Figure 7 presents the radial profiles of
time scale of gas infall based on the best fit parameters.
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respectively.
For comparison, we also plot the time scale of gas in-
fall adopted in previous models of Molla´ & Dı´az (2005)
and Kubryk et al. (2015a) with black dotted and dashed
lines, respectively. Figure 7 shows that our time scales
of gas infall are around 1 Gyr and the Hubble time in
the central and outer disk regions, respectively, thereby
suggesting that our model result is an intermediate case
between Molla´ & Dı´az (2005) and Kubryk et al. (2015a).
This shorter τin in the inner disk region is simply under-
stood with a shorter cooling and collapsing time in an
inner gas halo, in which the gas density is higher. In our
MCMC fitting, such an inside-out gas infall history is
naturally preferred because the gas to stellar mass ratio
is larger in the outer disk regions in the MW, implying
that the disk evolution has proceeded faster in the inner
regions.
We show the surface density of the total mass of gas
infall as a function of R in Figure 8. We find that
the radial profile of gas infall is clearly up-bending. An
up-bending profile, which is more centrally concentrated
than the present stellar density profile, is favored in our
MCMC procedure, because an original stellar density
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Fig. 4.— The radial profiles of surface densities for [O/H], [Fe/H], gas, and stars obtained in the best fit model. The green, blue, yellow,
and red lines show the results at t = 2, 4, 8, and 12 Gyr, respectively. The black lines are the observed radial profiles, where shaded regions
correspond to observational errors.
profile must be radially extended via stellar radial mi-
gration process, as will be noted in Section 4.4 in detail.
Here, to understand the origin of such an up-bending
profile, we refer a theoretical prediction by van den Bosch
et al. (2001). The prediction is based on an assumption
that gas in a halo follows the same specific angular mo-
mentum distribution as the dark matter, as produced
in N-body simulations of structure formation, and all
the gas cool and form the disk by conserving the spe-
cific angular momentum distribution completely. The
radial profile of gas infall from this simple prediction is a
double power law rather than a single exponential, and
it is generally similar to our up-bending profile. This
fact suggests that such an up-bending profile of gas in-
fall results from the original distribution of angular mo-
mentum of gas accreting onto the galactic disk plane.
However, we note here that the above assumption about
the angular momentum conservation of gas is somewhat
simplistic because gas can cool and form fine structures
through energy dissipation process, and consequently the
gravitational torque to gas component is much different
from that to the dark mattar component (Danovich et
al. 2015). Therefore the origin of the up-bending profile
of gas infall should be investigated more strictly based
on hydrodynamical simulations.
The resulting gas infall history is shown as a function
of R and t in Figure 9. As expected from the radial
profile of τin shown in Figure 7, at the early disk forma-
tion phase a large amount of gas rapidly accretes onto
the inner regions of R ' 6 kpc, whereas in the outer re-
gions gas stationary accretes over the whole disk forma-
tion phase. This infall history is a key ingredient leading
to the inside-out star formation history described in the
previous section.
4.3. Importance of Re-accretion of Outflowing Gas
Our MCMC procedure gives the best fit solution of kre
= 0.25, suggesting that gas ejected from the Galactic disk
can fall back preferentially onto the outer disk regions,
which is in good agreement with the prediction from the
previous numerical simulation (Bekki et al. 2009). This
re-accretion of once ejected gas is important as a gas
supply mechanism into the Galactic disk. Figure 10 rep-
resents the ratio of Σre to (Σre + Σin), i.e., total mass of
gas supply, as a function of t and R. This shows that
for the entire disk, the gas re-accretion can be a non-
negligible contributor of gas supply at t > 2 Gyr, i.e.,
after the early phase that the star formation activity is
still confined at the inner disk region; at t ∼ 4 Gyr, Σre
can hold & 20 % of total gas supply.
This re-accretion process of metal-enriched gas is found
to be equally important for the chemical evolution of
the Galactic disk. In Figure 11, we show the metallicity
of the mixed gas with the metal-poor infalling gas and
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metal-enriched re-accreting gas, [Fe/H]in+re, as a func-
tion of t and R. It is evident that [Fe/H]in+re tightly re-
lates with Σre/(Σre + Σin) shown in Figure 10. In partic-
ular, in the outer disk regions of R > 6 kpc, [Fe/H]in+re
has already increased to & −0.6 for the first 4 Gyrs, be-
cause re-accretion of metal-enriched outflowing gas can
contribute to gas supply onto the Galactic disk as well as
metal-poor gas infall. Thus, our model calculation pre-
dicts that the outer regions in the Galactic disk have been
strongly chemically polluted by the re-accreting metal-
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the model of Molla & Diaz (2005) and Kubryk et al. (2015) are
described with the black dotted and dashed lines, respectively.
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enriched gas, originally ejected from the inner disk re-
gions. Such a chemical pollution by re-accreting gas can
be seen in the galaxy formation simulation of Gibson
et al. (2013). Also, the recent observations of nearby
galaxies having extended gas disks suggest the necessity
of such transportations of metal-enriched gas from inner
to outer disk regions, probably via re-accretion of out-
flowing gas, to explain the metallicities of the ISM at the
outskirts of the disk galaxies (Werk et al. 2010, 2011;
Bresolin et al. 2012).
To understand the importance of such a re-accretion
process in the formation history of the MW, we here
present an additional MCMC experiment for the case
without any re-accretion of outflowing gas. The red
dashed lines in Figure 1 and 2 are the same as the red
solid ones in these figures, but for the best fit result with-
out the effect of re-accretion of outflowing gas. It is ev-
ident that for the case without gas re-accretion, signifi-
cant metal-poor tales in the MDFs are formed especially
in the outer disk regions, and consequently the standard
deviation of the MDFs becomes much larger than the
observed one. This result implies that the re-accretion
of metal-enriched outflowing gas is a key ingredient to
reproduce the observed MDFs of disk stars in the outer
parts of the Galactic disk.
The reason why gas re-accretion produces the narrower
MDFs at the outer disk regions can be simply understood
as follows. If gas re-accretion as shown in Figure 10 and
11 occurs, then in the outer disk regions having longer
gas infall time scales than in the inner regions as shown in
Figure 7, stars are formed from metal-enriched gas with
[Fe/H] & −0.6, supplied from re-accretion. As a result,
the MDFs in the outer disk regions do not extend to
[Fe/H] < −0.7. On the other hand, for the case without
gas re-accretion, in the outer disk region stars are born
from metal-poor gas and the observed small standard
deviations of the MDFs are never reproduced. Thus,
we conclude, based on the re-accretion of outflowing gas
and the inside-out star formation history obtained from
our model calculation, that the inner disk regions of the
MW formed very rapidly from metal-poor gas, whereas
the outer regions have been gradually constructed from
metal-rich gas supplied from re-accretion of once ejected
gas via galactic wind. We suggest that this formation
history of the Galactic stellar disk is imprinted in the
radial dependence of the low metallicity side of the MDFs
of the disk stars.
We mention here that radial migration of disk stars is a
secondary process for making the MDFs narrower in the
outer disk regions, as evident from the fact that both of
the two models depicted with the red solid and dashed
lines in Figure 1 include the effect of radial migration. On
the other hand, the formation of the high-metallicity tails
of the MDFs are mainly responsible for stellar migration
process as shown in the next subsection.
Additionally, we also note that in our chemical evolu-
tion model the effect of gas radial flow along a galactic
disk, expected to result from gravitational interactions
between gas and spiral/bar or giant molecular clouds
(e.g., Yoshii & Sommer-Larsen 1989), is not taken into
account because of the large computational cost. How-
ever, such a radial flow of gas can transport metals from
inner to outer disk regions, and thereby may provide a
similar effect to the re-accretion of metal-enriched gas
discussed above. We would like to consider this subject
in our future work.
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4.4. Radial Migration History
Our MCMC procedure determines the best fit param-
eters for the radial migration history as (arm, brm, γ) =
(0.13, 1.7 kpc, 0.24). The evolution of σRM based on the
best fit parameters is demonstrated in Figure 12. Here,
we show the cases for Rf = 4, 8 and 12 kpc with red, blue,
and green lines, respectively, and find that the diffusion
length of radial migration is smaller for disk stars born in
the inner disk regions. Our MCMC fitting prefers such a
smaller diffusion length in the inner disk regions to repro-
duce the low-metallicity tail of the MDFs. As noted in
the previous section, in our model with gas re-accretion,
the formation of metal-poor stars with [Fe/H] ∼ −1 are
confined in the inner disk regions, R < 4 kpc. Then,
much larger diffusion lengths in the inner disk regions,
which lead to too significant net outward transfer of disk
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stars, are disfavored, because they make a significant low-
metallicity tail extending to [Fe/H] ∼ −1 even in the
outer disk regions. However, we note that the numerical
simulation for a MW-like galaxy by Kubryk et al. (2013)
provides a negative arm, corresponding to a smaller σRM
in larger radii, because an inner disk is more gravita-
tionally unstable and consequently has more bar/spiral
structures and GMCs, triggering the radial migration of
disk stars. Therefore, we re-calculated with some fixed
negative values of arm, and found that our conclusion
in this paper is not modified, at least for arm > −0.15,
which is much steeper than arm = −0.067 obtained in
Kubryk et al. (2013).
Additionally, Figure 12 shows that the growth rate of
σRM rapidly decreases with increasing age. This evo-
lution of σRM implies that although young disk stars
can effectively move radially due to interactions with
bar/spiral structures and GMCs, the efficiency of radial
migration of disk stars quickly declines with increasing
stellar age because such interactions simultaneously dis-
turb the dynamics of disk stars and weaken the grav-
itational connections with bar/spirals and GMCs (e.g.,
Ha¨nninen & Flynn 2002; De Simone et al. 2004; Aumer
et al. 2016).
We here investigate the influence of this radial migra-
tion history on the present stellar distribution in the disk.
Figure 13 shows the stellar densities as a function of the
birth and final radii, namely Rf and R, with the red
and black lines, respectively. The stellar density profile
for Rf is up-bending with the break around Rf ∼ 6 kpc
as reflecting the radial profile of gas infall as shown in
Figure 8, while that for R is roughly described as an
exponential profile with no clear break and is less cen-
trally concentrated than for Rf . This difference of stellar
density profiles for Rf and R suggests that radial migra-
tion process has occurred the net transport of disk stars
from the inner high-density to the outer low-density disk
regions.
Moreover, to clarify the impact of radial migration pro-
cess on the MDF of the disk stars, we show the MDF as
a function of R and Rf in the top and bottom panels,
respectively, in Figure 14. From these panels it is found
that the MDFs observed in any R, especially in the outer
disk regions, have more significant high-metallicity tails
than the MDFs of disk stars with the same Rf . This im-
plies that the observed high metallicity tails in MDFs in
the outer disk regions are revealed due to the net radial
transfer of metal-rich disk stars from the inner to outer
disk regions. A similar suggestion was recently presented
in Loebman et al. (2016) based on the numerical simu-
lation for the formation of an isolated disk galaxy. Thus,
the radial migration effects are necessary to interpret the
observed radial change of the shape of MDFs.
4.5. Short Summary
In this subsection, we briefly summarize the properties
of the formation history of the MW disk obtained from
our model calculation, and what observational informa-
tion is important to constrain each process.
In our best fit model, gas infall occurs more rapidly
onto the inner disk regions. Such an inside-out gas in-
fall history is naturally favored to reproduce the larger
gas to stellar mass ratio in the outer disk regions of the
MW. The radial profile of gas infall is clearly up-bending
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Fig. 12.— The dependence of σRM on stellar age in the best fit
model. The red, blue, and green lines are σRM for Rf = 4, 8, and
12 kpc, respectively.
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radii, namely Rf and R, respectively, in the best fit model.
as expected to reflect from the angular momentum dis-
tribution of infalling gas. The up-bending profile of gas
infall is obtained to fit the observed stellar density pro-
file by combining with the stellar radial migration effect.
Thus, the gas-infall history is mainly constrained from
the observed spatial distribution of gas and stars in the
Galactic disk.
Gas outflow and subsequent gas re-accretion are im-
portant mechanisms, which can transport metals from
the inner to outer disk regions, and therefore signifi-
cantly affects the spatial distribution of heavy elements
in the disk. Moreover, the combination of such a metal-
enriched gas re-accretion and inside-out disk formation is
an essential ingredient to reproduce the low-metallicity
tails of the MDFs of disk stars. Namely, the inner
disk regions of the MW formed rapidly from metal-poor
gas, whereas the outer regions have been gradually con-
structed from metal-rich gas supplied from re-accretion,
and consequently the MDFs become narrower in the
outer disk regions as actually observed in the MW. In
summary, the radial profiles of chemical abundance of
the ISM and the standard deviation of the MDF are im-
portant observables to constraint the properties of gas
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Fig. 14.— The upper and lower panels show the MDF as a func-
tion of R and Rf , respectively, in the best fit model.
re-accretion process.
Stellar radial migration leads to net transports of stars
from the inner high-density to the outer low-density re-
gions, and thereby can modify an originally up-bending
stellar density profile to a less centrally concentrated
one with no clear break. Additionally, the migration
of metal-rich stars toward outer disk regions can form
the significant high-metallicity tails of MDFs, as also
suggested in Hayden et al. (2015) and Loebman et al.
(2016). Therefore, the radial migration history is con-
strained mainly from the radial profile of the skewness of
MDFs and also partly from the stellar density profile.
Thus, our new model calculation suggests that gas in-
fall, re-accretion of outflowing gas, and stellar radial mi-
gration are essential processes in the formation of the
MW stellar disk, and the property of each process can
be generally constrained from individual observational
clues in our MCMC procedure.
5. OTHER OBSERVATIONAL PROPERTIES IN THE
GALACTIC STELLAR DISK
Here, to assess the significance of our model results,
we discuss the other important observational properties
in the Galactic stellar disk based on our best fit model.
5.1. Stellar distribution on the [α/Fe]-[Fe/H] plane
Many of previous observations have reported that the
distribution of the Galactic disk stars on the [α/Fe]-
[Fe/H] plane is bimodal: there are the high-[α/Fe] and
low-[α/Fe] peaks in the stellar density at the [α/Fe] ra-
tio of ∼ 0.2-0.3 and ∼ 0, respectively (e.g., Bensby et al.
2003; Lee et al. 2011; Adibekyan et al. 2012; Anders
et al. 2014; Mikolaitis et al. 2014). Recently, by using
the APOGEE red-giant sample, Hayden et al. (2015)
investigated the dependence of such a bimodality on the
distances from the Galactic center, R, and the disk plane,
|Z|. They found that the high-[α/Fe] peak is more sig-
nificant than the low-[α/Fe] one at smaller R and larger
|Z|, implying that the high-[α/Fe] disk population is ge-
ometrically thicker and more concentrate than the low-
[α/Fe] one. Additionally, although the high-[α/Fe] se-
quence does not strongly change along the disk plane, the
metallicity of the low-[α/Fe] peak clearly decreases with
increasing R. These observed properties of the stellar
distribution on the [α/Fe]-[Fe/H] plane are closely asso-
ciated with the formation history of the Galactic stellar
disk.
However, the origin of such a bimodal distribution is
not still clearly understood, in spite of many previous
studies (e.g., Chiappini et al. 1997, 2001; Scho¨nrich
& Binney 2009; Haywood et al. 2016)1. In our previ-
ous work (Toyouchi & Chiba 2016), we investigated this
observational property with the semi-analytic galactic
disk evolution model, and suggested based on the model
results that to make a bimodal stellar distribution on
the [α/Fe]-[Fe/H] plane, a discontinuous radial migration
event, as driven by minor merger with a massive satellite,
can be an essential mechanism. However, our previous
study did not consider the reproduction of the radial de-
pendence of the MDF of the disk stars, and therefore
we here reconsider the bimodality on the [α/Fe]-[Fe/H]
plane from the current model.
Figure 15 presents the stellar distributions on the
[α/Fe]-[Fe/H] plane produced by our best fit model with
color maps and contours. The panels from top left to
bottom right represent the stellar distribution observed
at the inner (R = 5-7 kpc), solar neighborhood (R = 7-9
kpc), the outer (R = 9-11 kpc), and the summation of
the three regions (R = 5-11 kpc), respectively. It fol-
lows that our model cannot reproduce a clear bimodal
distribution as observed in Hayden et al. (2015), but
in R = 5-11 kpc we can find the faint bifurcated dis-
tribution around [Fe/H] ∼ −0.4, probably correspond-
ing to the observed high and low-[α/Fe] sequences. The
high-[α/Fe] sequence in our model emerges only at the
inner radii, R < 9 kpc, and fades out at the outer radii.
Additionally, the metallicity of the density peak on the
plane becomes lower along the low-metallicity sequence
in the outer disk regions. These properties of the high
and low-[α/Fe] sequences in our model look similar to
those observed for the APOGEE sample, although our
models do not provide the dependence of this sequence
on the distance from the disk plane that Hayden et al.
(2015) actually presented.
To clarify how such a stellar distribution on the [α/Fe]-
[Fe/H] plane is formed in our model, in Figure 16 we plot
1 Recently, Grand et al. (2017) based on the latest cosmological
hydrodynamical simulation, Auriga, suggested that a gas-rich ma-
jor merger at the early disk formation phase can lead to a temporal
significant star burst event, and as a result a distribution of disk
stars becomes naturally bimodal on the [α/Fe]-[Fe/H] plane.
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Fig. 15.— The color maps represent the stellar distributions on the [α/Fe] − [Fe/H] plane at t = 12 Gyr, reproduced in the best fit
model. The stellar distribution observed at the inner (R = 5-7 kpc), solar neighborhood (R = 7-9 kpc), the outer (R = 9-11 kpc), and the
summation of the three regions (R = 5-11 kpc) are shown from the top-left to bottom-right panels, respectively.
the [α/Fe] vs. [Fe/H] for gas in each radial ring at each
time step in the model calculation. The color of each
plot in the top and bottom panels shows the look back
time and the radius, respectively. From the comparison
between Figure 15 and 16, we find that the high-[α/Fe]
and low-[α/Fe] sequences obtained in our model gener-
ally consist of the old disk stars born in the inner disk
regions of R . 3 kpc at & 9 Gyr ago, and the young
ones born in the outer disk regions of & 6 kpc at . 7
Gyr ago, respectively. Here, it is worth noting that the
decrease of [α/Fe] at around R ∼ 4-6 kpc is much faster
than those in the other regions, thereby the evolution-
ally paths on the [α/Fe]-[Fe/H] diagram in the inner and
outer disk regions are made distinctly different, roughly
corresponding to the high and low-[α/Fe] sequence. The
rapid decrease of [α/Fe] is due to the significant increase
of the number ratio of SNe Ia to SNe II, NIa/NII, caused
by radial migration in which a large amount of interme-
diate and old disk stars, which eventually explode as SNe
Ia, migrate from the inner (R . 3 kpc) to outer disk re-
gions (R & 5 kpc). Thus, the bifurcated distribution on
the [α/Fe]-[Fe/H] plane is made in our model.
The suggestion that the high-[α/Fe] sequence is orig-
inated from the inner disk region and is older than the
low-[α/Fe] one, has been already made by the previous
studies with chemical evolution models, which found that
the high and low-α sequences on the [α/Fe]-[Fe/H] plane
appear as long as the simulated disk sample is separated
by their kinematics or age (e.g., Minchev et al. 2013;
Kybryk et al. 2015a). An interesting difference between
our and the previous models is that the bimodal distri-
bution can be found for the whole sample in our model,
although it looks much weaker than the actually observed
one. This difference may be due to the up-bending radial
density profile of gas infall, which is newly implied in this
study, because our previous model in Toyouchi & Chiba
(2016), which assumed an exponential gas infall profile
with no break, cannot show a distinct two sequences for
the case of continuous radial migration model (see Fig-
ure 9 of the paper). Such an up-bending density pro-
file leads to a more massive inner disk and subsequently
more significant transfer of disk stars from inner to outer
disk regions than the previous models. Consequently,
a significant increase of NIa/NII realizes in our model,
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and thereby the clearly distinct high and low-[α/Fe] se-
quences are produced.
Additionally, we note that a similar effect of radial mi-
gration on the stellar distribution on the [α/Fe]-[Fe/H]
plane is also confirmed in Toyouchi & Chiba (2016),
which can reproduce a bimodal stellar distribution on the
[α/Fe]-[Fe/H] plane. According to the previous model
calculation, a discontinuous radial migration of disk stars
drastically decreases NIa/NII in the inner disk regions,
where the high-[α/Fe] sequence stars formed, and tem-
porarily slows down the decrease of [α/Fe], consequently
leading to the high-[α/Fe] peak of stars. Thus adopt-
ing not only the stellar distribution for [Fe/H], but also
for [α/Fe] as the observational constraint for model fit-
tings may enable us to reveal the more detailed dynami-
cal evolution history in the Galactic stellar disk, and this
refinement is to be explored in future studies.
5.2. Dependence of radial metallicity gradient of disk
stars on their age
The radial metallicity gradient of the Galactic disk
stars has been measured using various tracers including
HII regions, star clusters, gaseous nebulae and Cepheid
variable stars (e.g., Maciel & Costa 2009 and references
therein). In particular, the field main-sequence turn-off
stars are useful tracers, which can provide the time evo-
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Fig. 17.— The radial metallicity gradient of disk stars as a func-
tion of age. The red and three black lines correspond to our model
result and the observation for disk stars, locating at the three ver-
tical distances of |Z| = 0.1-0.3, 0.5-0.7, and 0.9-1.1 kpc, presented
in Figure 16 of Xiang et al. (2015), respectively.
lution of the radial metallicity gradient (e.g., Nordstro¨m
et al. 2004). The most recent observation of the radial
metallicity gradients, ∆[Fe/H]/∆R, of the disk stars as
a function of stellar age is provided from the LAMOST
survey, which is one of the latest optical spectroscopic
survey for the Galactic stars (Xiang et al. 2015). The
observation indicates that the radial metallicity gradi-
ent is mostly flat for the oldest disk stars with age > 10
Gyr, whereas the younger disk stars with age < 9 Gyr
show the negative radial metallicity gradients with the
steepest value of ∼ −0.01 dex/kpc at age ∼ 7 Gyr. Such
a dependence of radial metallicity gradient of disk stars
on their age is generally consistent with the results pro-
vided by the previous studies (Casagrande et al. 2011;
Toyouchi & Chiba 2014).
We here present the radial metallicity gradient of stars
as a function of age obtained in our best fit model in
Figure 17. The red line shows our model result and for
comparison we plot the observed results of Xiang et al.
(2015) for the three vertical distances of |Z| = 0.1-0.3,
0.5-0.7, and 0.9-1.1 kpc, because our model result should
be regarded as the vertically integrated to the disk plane.
We find that the radial metallicity gradient of disk stars
in our model gradually steepens with decreasing age from
−0.02 dex/kpc for the oldest stars to −0.08 dex/kpc for
the youngest ones. These results appear similar to those
obtained in Kubryk et al (2015b). Their chemical evolu-
tion model shows that the radial metallicity gradient of
stars does not necessarily reflect that of ISM, because the
stellar radial migration can wash out the original metal-
licity gradients, and therefore, the observed metallicity
gradient of disk stars are flatter for older disk popula-
tions, which have radially well mixed due to their long
traveling time.
We note here that our model can well reproduce the
observed metallicity gradient especially for the oldest and
youngest populations, but predicts the much flatter ra-
dial metallicity gradients at age ∼ 5-10 Gyr than those
in the observation. This disagreement implies that our
chemical evolution model might adopt too simple and
perhaps unrealistic assumptions for gas infall, gas out-
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flow, gas re-accretion, and stellar radial migration pro-
cesses, or still miss some important ingredients in under-
standing the MW formation. Therefore, we would like
to construct more refined models as future studies based
on more physically motivated considerations or results of
latest numerical simulations.
5.3. Radial stellar density profiles as a function of
chemical abundance
The spatial distribution of the Galactic disk stars as a
function of stellar age or chemical abundances is a key
piece of information to elucidate the formation history
of the Milky Way. To obtain this information, Bovy et
al. (2016) divided the APOGEE red-clump stars into
several subsamples by their [α/Fe] and [Fe/H], and esti-
mated the spatial density profiles for these abundance-
selected subsamples with a careful collection of the obser-
vational selection biases in the APOGEE survey. They
found based on the analysis that the properties of the
density profiles are much different between the high and
low-[α/Fe] subsamples; the radial profiles for the high-
[α/Fe] subsamples are well fitted by single exponentials
with a common scale length, whereas those for the low-
[α/Fe] ones are described by broken profiles, for which
the radial density gradients are positive and negative at
the inner and outer disk regions, and the break radii in
the radial profiles move outward with decreasing [Fe/H]
of subsamples. Recently, Mackereth et al. (2017) fur-
ther investigated the disk structure as a function of not
only chemical abundance, but also stellar age by using
the APOGEE red-clump sample, and suggested that the
properties of the high and low-[α/Fe] subsamples do not
so strongly change with stellar ages.
The difference of density structures between the high
and low-[α/Fe] disk populations is expected to reflect
the difference of their formation mechanisms. Here, we
present the radial density profiles for several abundance-
selected subsamples produced by our best fit model in
Figure 18. In this figure, the left and right panels show
the radial density profiles for the high and low-[α/Fe]
subsamples, respectively, and the values of [α/Fe] and
[Fe/H] of each subsample are denoted at the left end
of the radial density profile. We find from this figure
that our model can remarkably reproduce the general
properties of the observed radial density profiles for both
the high and low-[α/Fe] subsamples. This result is not
so surprising because our model can also reproduce the
stellar distribution on the [α/Fe]-[Fe/H] plane and its
spatial dependence. As noted in Section 5.1, the high
and low-[α/Fe] disk stars formed at R < 3 kpc and >
6 kpc, respectively, and they have radially migrated in-
ward and outward from their birth radii. Therefore, the
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present stellar density profiles of the high-[α/Fe] sub-
samples monotonically decreases with increasing radii at
R > 4 kpc, whereas those of the low-[α/Fe] ones have
the peaks around at the radii, roughly corresponding to
the average birth radii for the member stars of the sub-
sample, thereby the peak radii becomes larger for more
metal-poor subsamples.
Thus, our chemical evolution model enables us to un-
derstand not only the radial dependence of the MDF
of disk stars, but also the rough trends of the other
several important observations of the Galactic stellar
disk. Therefore, we consider that our chemical evolu-
tion model, which is consistent with the observable con-
straints, well captures important aspects of the complex
formation history of the Milky Way.
6. SUMMARY & CONCLUSION
In this paper, to get new insights into the formation
history of the stellar disk in the Milky Way, we have at-
tempted to reproduce the radial dependence of the metal-
licity distribution function of the Galactic disk stars with
the semi-analytic chemical evolution model. Our model
includes the effects of gas infall, re-accretion of gas once
ejected from the disk, and radial migration processes in
galaxy evolution, each of which is characterized by model
parameters. We have determined the best set of model
parameters, which fit to the present structural and chem-
ical properties of the Milky Way stellar disk based on the
Markov Chain Monte Carlo method. We have succeeded
to find the solution to this galaxy formation model, which
reproduces the observed radial dependences of the mean,
standard deviation, skewness, and kurtosis of the metal-
licity distribution functions of disk stars. We have also
derived various fundamental results, and obtained the
following new implications for gas infall, re-accretion of
outflowing gas, and radial migration processes in the for-
mation history of the Milky Way.
• The time scale of gas infall is shorter in the inner
disk regions, which is associated with a shorter gas
cooling and collapsing time in the inner halo. The
total surface mass density of gas infall follows an
up-bending profile with the break radius of ∼ 5
kpc, and such a profile is expected to reflect the
angular momentum distribution of infalling gas on
the galactic disk plane. As a result, gas accretion
onto the disk regions below R ∼ 5 kpc occurs very
rapidly at the early disk formation phase, whereas
gas accretion onto outer radii proceeds slowly over
the whole disk formation phase. This gas infall his-
tory leads to the inside-out galactic disk evolution.
• Outflowing gas ejected from the Galactic disk falls
back preferentially onto the outer disk parts, and
such a gas re-accretion process is an essential con-
tributor of gas supply into those regions of the
Galactic disk. We propose that this process pro-
vides important effects on the structural and chem-
ical evolution of the MW. As a result of the com-
bination of the re-accretion of metal-enriched gas
with the inside-out galactic disk evolution, the in-
ner disk regions of the MW formed very rapidly
from metal-poor gas, whereas the outer regions
have been gradually constructed from metal-rich
gas supplied from re-accretion of once ejected gas,
consequently forming the observed narrower metal-
licity distribution functions of disk stars at larger
radii.
• The net radial transport of metal-rich disk stars
from the inner to outer disk regions produces sig-
nificant high-metallicity tails in the metallicity dis-
tribution functions in the outer disk regions, as ob-
served in the Galactic stellar disk. Therefore, the
radial migration process is essential to reproduce
the radial dependence of the skewness of the metal-
licity distribution functions of the disk stars.
Moreover, based on the further analysis of our best fit
model, we have found that our model reasonably repro-
duces other various important observational properties of
the Galactic stellar disk, e.g., the [α/Fe]−[Fe/H] relation
and the stellar density profiles as a function of [α/Fe] and
[Fe/H]. Therefore, our chemical evolution model can be
applied to the description of galaxy evolution. In future,
we will improve our model to include more realistic de-
scriptions of, not only the processes taken into account
in this study, but also stellar dynamics in order to com-
pare with the detail kinematic information given by the
forthcoming data release of the Gaia survey. Addition-
ally, we will further apply this model to other relevant
subjects, including the detail analysis of the SEDs of local
star-forming disk galaxies and the subject of the galactic
habitable regions in the Milky Way. Thus, our chemi-
cal evolution model would play as an invaluable tool in
studying various subjects relating to the evolutions of
disk galaxies.
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